Correspondence utoh@kist.re.kr In Brief Hong et al. show that the current elicited from co-expressed TMEM150c/Tentonin 3 (TTN3) and Piezo1 is similar to the arithmetic sum of their individual responses, and that mutations in TTN3's pore-like region change its ion permeability, as supportive evidence that TTN3 is mechanically activated.
INTRODUCTION
Mechanosensation requires transduction mechanisms that transform mechanical stimuli into electrical responses, which are neural substrates for tactile sensation, proprioception, nociception, hearing, baroreceptor reflex, osmotic pressure sensing, and myogenic activity in blood vessels (Delmas et al., 2011) . Piezo1 and 2 act as fast inactivating mechanically activated (MA) channels in mammalian cells and are known to regulate numerous mechanosensory functions such as light touch, pain, sensing blood flow or lung stretch, osteoclastogenesis, and neural stem cell lineage (Eijkelkamp et al., 2013; Jin et al., 2015; Li et al., 2014; Nonomura et al., 2017; Woo et al., 2014) . Previously, we reported that TMEM150C/Tentonin 3 (TTN3) is activated by mechanical stimuli in various cell types and confers slowly adapting (SA) MA currents observed in dorsal root ganglion (DRG) neurons (Hong et al., 2016) . In the Matters Arising, Patapoutian and colleagues raise the question of whether mechanotransduction activity of TTN3 requires the expression of Piezo1. This argument is based on the observation that TTN3 MA current is not generated in HEK293T cells where Piezo1 is ablated using CRISPR-Cas9 system (P1-KO [knockout] HEK cells), suggesting TTN3 is a modulatory protein of Piezo1. Here, we discuss evidence in support of TTN3 as a pore-forming ion channel subunit distinct from Piezo1 activity.
RESULTS AND DISCUSSION
In the accompanying Matters Arising, Dubin, Murthy, and colleagues call into question whether TTN3 is responsible for the MA current seen when expressed in naive HEK293T cells. The basis of this concern arises from their work describing the presence of endogenous MA currents in naive HEK293T that is distinct from overexpressed Piezo1, yet dependent on endogenous Piezo1 (Dubin et al., 2017) . Surprisingly, although they confirmed that naive cells expressing TTN3 have MA currents, this response is absent with the disruption of endogenous Piezo1 in P1-KO cells.
Although we are not able to explain how disruption of endogenous Piezo1 in this system also ablates the TTN3 MA response, we sought independent ways to support the conclusion that TTN3 is a mechanosensitive channel. The first approach is based on the expectation that if there is a potential functional interaction or modulation of Piezo1 by TTN3, the MA response seen with their co-expression would not be additive. To characterize the MA current seen with TTN3 with or without co-expression of Peizo1, we transfected HEK cells with human Piezo1, Ttn3, or Piezo1 and Ttn3. Whole-cell MA currents were recorded from these cells after being stimulated with a blunt glass pipette (Hong et al., 2016) .
Step mechanical stimulation of up to 6 mm indentation for 600 ms gave rise to MA currents with fast inactivation (inactivation time constant [t i ] = 6.7 ± 0.4 ms, n = 7) in cells transfected with Piezo1 alone ( Figure 1A ). The mechanical steps on Ttn3-transfected HEK cells evoked a typical slowly inactivating MA current (t 1 = 12.1 ± 1.4 and t 2 = 257.7 ± 23.4 ms, n = 28) with smaller peak current amplitude than that of Piezo1-expressing cells ( Figure 1B ). When Piezo1 and Ttn3 were co-transfected, the MA current was fitted by two exponential kinetics by fast inactivation followed by residual slow inactivation (t 1 = 27.4 ± 7.9 and t 2 = 337.3 ± 85.2 ms, n = 11) ( Figure 1C ). This current response was similar to the arithmetical sum of the two curves ( Figures 1A and 1B) as shown in the computer simulation (Figure 1D) . These results indicate that in response to mechanical steps, the two pore-forming proteins behave independently, arguing against the notion that TTN3 only modulates the sole pore-forming protein, Piezo1.
Another way of demonstrating the ion conductivity of TTN3 is the shift of the ion permeability ratio upon mutation of a putative pore region of TTN3. The putative pore-like re-entry region of TTN3 is between transmembrane 1 and 2, as predicted by TMHMM and other transmembrane prediction programs (Hong et al., 2016) . This region appears to be analogous to those in the transmembrane 5 and 6 re-entry regions of transient receptor potential (TRP) as well as KcsA channels ( Figure 1E ) Liao et al., 2013; Owsianik et al., 2006) . Cluster analysis of the region revealed that the amino acid sequence of this region of mouse TTN3 (48-GAKH-51) was aligned with the conserved pore region (GMGD) of TRPV channels ( Figure 1E ). To investigate whether the mutation of the pore-like region shifts ion selectivity, the reversal potentials of MA currents in F11 cells transfected with wild-type or mutant TTN3 pore region mutants were measured ( Figures 1F and 1G ). F11 cells were used in this experiment because MA current responses of TTN3 were greater than any other type of cells (Hong et al., 2016) . To establish the reversal potential, the current-voltage curves were obtained after voltage ramps from À80 to +80 mV were applied to whole cells in 70 mM NaCl solution in the pipette and 210 mM NaCl solution in (G) Anion/cation permeability ratios (P Cl /P Na ) of WT and Ttn3 mutants. The P Cl /P Na of WT or each mutant was calculated by the reversal potential using the Goldman-Hodgkin-Katz equation (n = 7-10). ***p < 0.001 compared to WT, one-way ANOVA, Tukey's post hoc test. Error bars represent SEM.
the bath. The permeability ratio of MA currents between Cl À and Na + (P Cl /P Na ) was 0.13 ± 0.03 (n = 8) in F11 cells transfected with wild-type Ttn3 ( Figure 1H ). In contrast, the A49K and H51D mutants of TTN3 showed more than a 3-fold increase in P Cl /P Na ratios (p < 0.001 compared to wild-type, one-way ANOVA, Tukey's post hoc test), whereas the G48A and K50E mutants showed no significant shift in P Cl /P Na ratios (Figure 1H) . Replacing neutral amino acids such as Ala49 or His51 with charged residues appears to affect the ion selectivity to a greater extent. Detailed schematic mutations are required to answer whether this effect depends on charge difference or allosteric alteration. This shift in the ion permeability ratio upon mutation in the putative reentry region of TTN3 suggests that TTN3 has a pore region and thereby conducts ions upon stimulation by mechanical steps, inconsistent with the modulation theory.
In conclusion, we provide two lines of evidence to support that TTN3 has mechanosensitive activity. Nonetheless, the question remains why TTN3 is not activated by mechanical stimuli in Piezo1-ablated HEK cells. One possibility is that the loss of Piezo1 alters the architecture of the cell such that TTN3 is no longer expressed in a microdomain necessary for its function. TTN3 could be tethered to microdomains in a cell such as is seen with naive HEK or F11 cells. Because Piezo1 has many transmembrane domains, the genetic disruption of Piezo1 may affect the microenvironment where TTN3 is located, possibly disrupting or downregulating the tethering proteins that TTN3 depends on for its activation. Detailed mechanistic studies on the TTN3 activation mechanism will contribute to a further underEXPERIMENTAL MODEL AND SUBJECT DETAILS Cell culture and transfection All cell lines were incubated in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin. Transfection was performed for 2-3 days with FuGene (Promega) for HEK293T cells. For co-expression test, TTN3-IRES2-AcGFP was transfected with hPiezo1-pCDNA3.1 (gift from Dr. John Wood) by 2:1 ratio in HEK cells.
METHOD DETAILS
Channel current recording Whole-cell currents were recorded using a voltage-clamp technique and cells were mechanically stimulated as previously described (Hong et al., 2016) . For recording currents in cell lines, the pipette solution contained (in mM) 130 CsCl, 2 MgCl 2 , 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, and 25 D-mannitol at pH 7.2, adjusted with CsOH. The bath solution contained (in mM) 130 NaCl, 5 KCl, 1 CaCl 2 , 2 MgCl 2, 10 HEPES, and 10 D-mannitol at pH 7.2, adjusted with NaOH. To get ion permeability ratios, the pipette solution contained 70 mM NaCl whereas the bath solution contained 210 mM NaCl. The osmolarity of all of the solutions was adjusted to 290 mOsm by adding D-mannitol. The P Cl /P Na of each mutant was obtained by measuring the reversal potential of the steady-state current of each mutant using the Goldman-Hodgkin-Katz equation (Arreola and Melvin, 2003) . To determine the current-voltage relationships, voltage ramps from À80 to +80 mV were applied for 150 ms to whole cells during 600 ms mechanical stimulation. Whole-cell currents were recorded with a patch-clamp amplifier (Axopatch 2B, Molecular Device). The output of the amplifier was digitized at a sampling rate of 5 KHz with a digitizer (Digidata 1435, Molecular Devices) and stored in a personal computer.
Computer simulation of MA current Each digitized MA whole-cell current data of HEK cells transfected with Piezo1 ( Figure 1A) or Ttn3 ( Figure 1B ) was exported to a spread sheet (Excel, Microsoft). Time points of these two traces activated by 6-mm mechanical stimulation were aligned. The sum of the two data at each time point was added to a new column. A line plot was drawn with sum data to the time point ( Figure 1D ).
Mutagenesis
All mutants of Ttn3 were generated by site-directed mutagenesis, substituting the central 1-2 nucleotides of the desired mutagenic site with two complimentary mutagenic primers using the Muta-Direct site-directed mutagenesis kit (iNtRON Biotech).
QUANTIFICATION AND STATISTICAL ANALYSIS
All data were expressed as the mean ± SEM. The ion permeability ratios of WT and Ttn3 mutants were analyzed using one-way ANOVA followed by Tukey's post hoc test.
